GABA A receptors mediate mainly inhibitory effects but there are also many examples of 15 excitatory effects in both mammalian and invertebrate preparations. Here, we aimed to create a 16 complete, quantitative picture of GABA A mediated excitation in a mechanosensory neuron where 17 this phenomenon has been well established. We used muscimol to activate GABA A receptors in 18 spider VS-3 neurons and measured the dynamic behavior independently and separately at each of 19 three stages of mechanoreception (receptor current, receptor potential and action potentials) before 20 and during modulation. We calculated frequency response functions between each stage, estimated 21 information as signal entropy, and information capacity from coherence. Since coherence is sensitive 22 to both noise and nonlinearity, we measured signal-to-noise separately at each stage by averaging 23 responses to repeated mechanical inputs. Muscimol depolarized VS-3 neurons and, after brief 24 inhibition, increased their firing rates. During this excitation we found significant changes at each 25 stage. Receptor current was attenuated but became more selective to high frequencies. Membrane 26 impedance and time constant fell, favoring higher frequency transmission from receptor current to 27 receptor potential. Action potential firing increased and had higher total entropy. Information 28 capacity from signal-to-noise was always much higher than from coherence, confirming that 29 intracellular noise does not limit signal transmission in these neurons. We conclude that GABA A 30 receptor activation shifts each stage of mechanotransduction to higher frequency sensitivity, while 31 the elevated firing rate increases the amount of information that can be encoded. These results show 32 that a single neurotransmitter can finely modulate a sensory neuron's sensitivity and ability to 33 transmit information. 34 35 3
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Complex frequency responses, G( f ) were used to create Bode plots of gain and phase versus 146 frequency. Information capacity was estimated from: 147
, 148 (Juusola and French 1997) . 149
Frequency response functions between mechanical stimulation and receptor current were fitted by 150 the power-law relationship: 151
where A is the response amplitude at a frequency of 1 Hz and k is a power-law exponent. All fitting 153 was performed on complex frequency responses by a minimum squared error procedure. 154
The relationship from current to receptor potential was fitted by a first-order low-pass filter 155 function: 156
where 1/R m is the asymptotic response amplitude at zero frequency, τ m is a time constant and j 2 =-1. 158 R m and τ m were assumed to represent the effective membrane resistance and time constant at the 159 site of conversion from receptor current to potential. Frequency response functions between receptor 160 potential and action potentials were fitted by a power-law function: 161
where B is the response amplitude at a frequency of 1 Hz and m is a power-law exponent. An 163 additional time delay of ~1 ms, probably conduction delay along the sensory dendrite, was also 164 required to describe the phase relationship. 165
166

Entropy estimation 167
All signals (receptor current, receptor potential and digitally filtered action potentials) were 168 normalized and digitized so that the maximum amplitude range could be represented by 10-bit 169 numbers, or 1024 different amplitude levels ( 
After brief inhibition, Muscimol depolarized VS-3 neurons and increased firing rates 216
Data from eleven different VS-3 preparations (one neuron per preparation) were used. Neurons were 217 stimulated by random mechanical displacement of the slits for a period of 900 s. Muscimol was 218 applied 300 s after the start of mechanical stimulation. Because the effects of TTX reverse very 219 slowly, we always recorded the action potential response to mechanical stimulation first, and then 220 the receptor potential and receptor current responses after applying TTX. Therefore, each 221 experiment required three separate 900 s recordings, plus intermediate periods of 20 mins for 222 muscimol washout, and TTX application. Muscimol application at 300 s caused depolarization of 223 VS-3 neurons by 350 s that reached ~10 mV by 450 s and remained statistically significant 224 throughout the remainder of the recordings (Fig. 2) . 225
When VS-3 neurons are initially stimulated by random displacement they fire action 226 potentials rapidly, but the firing rate then adapts to a lower rate exponentially (Höger and French 227 2005) . GABA A agonists reduce action potential amplitude, often to zero, but this inhibition typically 228 lasts less than 100 s, and the firing rate then increases to levels comparable to those in the early stage 229 of adaptation (Pfeiffer et al. 2009 ). In the present experiments, muscimol increased the firing rate 230 above its adapted level by 450 s, and this effect persisted until at least 800 s (Fig. 2) . 
Muscimol decreased membrane resistance and membrane time constant 249
Receptor current in a sensory receptor neuron causes a receptor potential by flowing through 250 the complex membrane impedance. In the absence of strongly nonlinear voltage-activated currents, 251 such membrane impedance can be approximated by membrane resistance in parallel with membrane 252 capacitance, leading to a simple first-order low-pass frequency response between current and 253
potential (Equation 4). Experimental frequency responses were well fitted by Equation 4 and 254
parameters R m and τ m were estimated from the fitted data (Fig. 4) . (Fig. 6) are for the receptor current experiments, but all other experiments gave closely 276 similar results, and the standard deviation bars were always within the mean symbols. 277
Receptor current and receptor potential gave closely similar values of ~750 Bits/s for entropy 278 and we did not test for significant differences between their means (Fig. 6 ). Both signals gave 279 significant increases in entropy after muscimol application, but inspection of the original signals 280 16 indicated that these increases were at least partly artifactual from averaging over time periods of 100 281 s, as the mean values of membrane current and potential changed, causing much wider apparent 282 amplitude distributions. The increase in action potential entropy occurred later and was more 283 persistent, following the time course of the increased firing rate (Fig. 2) . 284
Information capacity could only be estimated between mechanical stimulation and each of 285 the other stages, rather than between stages, because it was impossible to measure both receptor 286 current and receptor potential, or receptor potential and action potentials, simultaneously (Fig. 6) . 287
Information capacity was approximately 600 Bits/s for both receptor current and receptor potential, 288 with a slightly higher value for receptor potential throughout, and significant reductions in 289 information capacity immediately following muscimol application. Information capacity for action 290 potentials was much lower, increasing from 36.1 Bits/s before muscimol application to 47.2 Bits/s at 291 650 s and remaining elevated at 41.2 Bits/s at 850s. 292
293
Information capacity from signal-to-noise ratio 294
We sought to estimate the relative contributions of noise and nonlinearity to the coherence 295 measurements by separate measurements of signal-to-noise ratio. We estimated information capacity 296 at each stage by averaging repeated responses to pseudo-random mechanical stimulation (Fig. 7) . 297 However, the time required for the averaging process prevented us from following these data after 298 muscimol treatment because of the time course of the muscimol effects and the recovery after 299 washout. Information capacity values of receptor current and receptor potential from SNR were 300 about three times higher than those from coherence. Information capacity for action potentials was 301 more than twenty times higher. All SNR derived values exceeded the estimates of actual information 302 ] and so increased firing would probably increase the effect on 324 receptor current observed here under voltage clamp (Höger et al. 2010) . 325
Modulation of receptor current 326
The mildly high-pass frequency response between mechanical stimulation and receptor 327 current agrees qualitatively with earlier non-parametric work (Juusola and French 1997) . Muscimol 328 attenuated the response at low frequencies but the increased power-law exponent more than 329 compensated for this effect at higher frequencies. This is important because action potential 330 encoding from receptor potential is strongly high-pass. 
